(From the Department of Medicine, University of Utah College of Medicine,
Salt Lake City, Utah 84112) ( Received for publication 14 June 1967) The hematopoietic system of the mouse, when virtually destroyed by irradiation, is repopulated by proliferation in a pluripotential pool of stem cells. Cells in this pool are capable of self-replication and of differentiation into morphologically recognizable precursors of erythrocytes, granulocytes, and platelets (1) (2) (3) . If the proliferative capacity of ceUs in this pool is infinite, then as long as this pool is never destroyed completely, the hematopoietic system can survive, theoretically, an infinite number of insults. Conversely, if the proliferative capacity of the cells in this pool is limited and if there is no precursor pool from which cells can differentiate into the pluripotential stem cell pool, then repetitive insults could eventually exhaust the pool and subsequent hematopoietic recovery would be impossible.
Valentine and coworkers (4) subjected cats to 200 R of whole body irradiation at 4 month intervals for a total period of 18 months. Mter each exposure to this sublethal dose, blood leukocyte and erythrocyte concentration returned to normal levels and did so about as rapidly after the fifth exposure as after the 1st. These observations suggested that the proliferative ability of hematopoietic tissue was virtually limitless.
More recently, Siminovitch et al. (5) and Cudkowicz et al. (6) reported studies suggesting that the regenerative ability of certain murine hematopoietic stem cells was limited. They infused normal, isogeneic marrow cells into mice irradiated to such a degree that no endogenous hematopoietic recovery would occur and allowed these mice to recover for a long enough period for the transplanted cells to repopulate the host's hematopoietic compartment. From such mice, hematopoietic spleen colonies (5), minced spleens (5), or bone marrow (6) were in turn used as transplant material for repopulation of other irradiated animals, and this process was repeated sequentially. Thus, the originally transplanted cells were repetitively retransplanted, and the proliferative capacity of the stem cells contained therein was tested under recurrent conditions of stimulation.
After two to five transplantations, regenerative ability of the cells, measured by the degree of splenic hematopoiesis in the recipient 5-10 days after irradiation and transplantation, was virtually exhausted. These investigators therefore proposed that the proliferative ability of such hematopoietic stem cells was limited. Previously, other investigators had noted that serially transplanted cells declined in their ability to provide protection from irradiation death (7, 8) .
Lajtha (9) criticized the foregoing studies on the grounds that if stem cells were really exhausted then all donors of such tissues should have died. Most did but a few did not (5, 6) . He suggested that cells in certain stages of proliferation might be especially susceptible to damage in vitro and that the exhaustion of stem cells in studies involving transplantation might be representative of such damage rather than of a physiological exhaustion of proliferative ability.
An estimate of the number of stem cells surviving irradiation which are capable of proliferation and differentiation can be made by counting the number of hematopoietic colonies visible on the surface of the spleens of mice which were irradiated 10 days previously (3). This endogenous spleen colony system is similar to the transplantation system employed in the studies of Siminovitch et al. (5) and Cudeowicz et al. (6) ; in the latter, the colony-forming cell pool is destroyed by irradiation and repopulation is from cells which are transplanted after irradiation, while in the former the irradiation exposure is adjusted to a level at which most but not all of the host's colony-forming cells are destroyed.
We examined the proliferative capacity of the colony-forming stem cell pool employing the endogenous system. The number of spleen colonies, spleen iron uptake, spleen weight, and volume of packed red blood cells (VPRC) was determined in groups of mice which were subjected to one, two, three, four, five, or six repetitive whole body exposures to 600 roentgens (R) at 6 wk intervals.
Experimental Design and Methods
Details of all methods used herein are to be found in the preceding two papers of this series (3, 10) .
203 female mice (DBA X C57BL)F1, bred in our laboratory and born within 3 wk of one another, were randomly distributed between two groups. One group of 70 served as agematched controls for the group of 133 which were to be repetitively irradiated. The first of a series of exposures to 600 R was administered to the 133 mice when their average age was 8 wk. 10 days liter a randomly selected group of 10 irradiated mice was killed and studied. 6 wk after the first irradiation, the remaining mice from the previously irradiated group were again irradiated. In addition, 10 mice from the previously unirradiated control group were irradiated. 10 days after irradiation, the 10 irradiated controls and 10 mice from the repetitively irradiated group were killed and studied. This process was repeated until one group of mice had been irradiated six times with 600 R at 6 wk intervals. The 6 wk interval was chosen since in a previous study (10) it was apparent that, by this time, the colony-forming cell compartment was of normal or supranormal size, judged by the number of spleen colonies formed after a second irradiation.
RESULTS
The effect of each of six sequential exposures to 600 R upon mortality, body weight, VPRC, spleen weight, splenic iron uptake, and spleen colony number is given in Table I . * Spontaneous deaths of mice at risk after each irradiation: survival after sixth irradiation is fraction surviving I0 days, while after other intervals it is fraction surviving 6 wk.
Mean for group of 10-12 mice .4-standard error (17) . § Value of 30 indicates that almost all mice in group had confluent colonies. Value of 40 was used for calculating average iron uptake per colony.
[[ Calculated by: (iron uptake minus spleen-iron uptake of a spleen without colonles)/(number of colonies)
Mortality was negligible after the first three exposures but an increasing proportion of mice died after the fourth, fifth, and sixth exposures. Two control mice died spontaneously during the study.
Weight gain was not compromised after the first irradiation but thereafter the body weight of multiply irradiated mice steadily declined while controls continued to evidence a slight gain in weight. Effects of multiple irradiation exposures upon hematopoiesis were similar whether measured by VPRC, spleen weight, splenic iron uptake, or spleen colony number. Mter the second exposure to irradiation, each was higher than in age-matched, singly irradiated controls. Mter the third irradiation, hematopoiesis began to decline in multiply irradiated animals compared to singly irradiated controls and continued to decline with each succeeding exposure. Judged by iron uptake and colony number, splenic hematopoiesis after the sixth irradiation was but one-fifth that of singly irradiated, age-matched controls.
TABLE II

The Effect of a Longer Interirradiation Interval Upon Hematopoietic Recovery
Singly irradiated control
Interval between fourth and fifth irradiation of: 6 wk The average amount of radioactive iron uptake per spleen colony did not differ significantly between singly and repetitively irradiated mice (Table I) .
That the average number of spleen colonies formed after a given irradiation exposure increases with increasing age of mice (Table I) was noted in a previous report (3) .
In order to determine if a longer interirradiation interval would lead to more evidence of hematopoietic recovery, one group of mice was allowed an 8 wk rather than a 6 wk interval between the fourth and fifth irradiations (Table  II) . Increasing the interirradiation interval did not result in a significant change in splenic hematopoiesis.
Bleeding mice or injecting them with foreign plasma for 4 consecutive days before irradiation results in an increase in splenic hematopoiesis 10 days after irradiation (10, 11) . The ability of repetitively irradiated mice to respond to these hematopoietic stimuli was tested (Table III) . Bleeding for 4 days preceding either the fifth or sixth irradiation resulted in a 5-10-fold increase in spleen iron uptake and spleen colonies, a response comparable in proportion to that elicited in singly irradiated, age-matched controls. Injection of dog plasma for 4 days preceding irradiation induced a 4-fold increase in splenic iron uptake and colonies in controls, but produced no statistically significant change in groups of mice which were being irradiated for the fourth or the sixth time. However, since one repetitively irradiated mouse developed confluent spleen colonies after dog plasma injection, it cannot be presumed that all repetitively irradiated mice were refractory to the effects of plasma. * Approximately 0.4 ml of whole blood removed per day from orbital sinus of singly irradiated animals for 4 consecutive days before irradiation. Repetitively irradiated animals were bled less severely after the first day and on the day of irradiation the VPRC was 30% and 28% in the two groups respectively. Normal dog plasma, 0.5 m], was injected daily intraperitoneally for 4 consecutive days before irradiation.
~; Singly irradiated controls were age-matched with experimental groups and separate control groups were run with the two experimental groups, but since the two controls did not differ significantly from one another they are combined in the table.
§ One mouse in this group had confluent colonies, but there was no evidence of an effect of plasma in other mice.
By the fifth irradiation, survivors had snow white coats as opposed to their normal black color. They appeared to be exceedingly "fragile" with virtually no subcutaneous tissue and many had cataracts visible in the gross. Spontaneous activity in the cages was minimal. Gross examination of axillary and femoral lymph nodes and the thymus in all mice which were killed for experimental purposes revealed no enlargements suggestive of leukemia or lymphoma. plotted the rate of decline for spleen colonies observed in our studies and compared it to the rate of decline reported by others for colonies after repetitive transplantation of minced spleen cells or of cells from spleen colonies (5), and for IUdR uptake by spleens after repetitive transplantation of bone marrow cells (6) . The stimulus for cell proliferation in these different studies should be roughly comparable. In the transplant systems, a relatively small volume of transplanted tissue must proliferate and repopulate the totally depleted tissues of an irradiated host. In our endogenous system, surviving cells must repopulate the hematopoietic tissues of the irradiated animal.
The decline in colonies observed after repetitive irradiation may be over-or underestimated in Fig. 1 , depending upon which of various considerations and assumptions are emphasized.
The rate of decline could be underestimated for either of the following reasons. First, in our study as in other studies (5, 6), proliferation must be measured n surviving mice only. Mice which died may represent those in which proliferative ability was lost at an earlier stage than in the selected population of survivors. Secondly, the question can be raised whether or not colonies in animals subjected to repetitive irradiation produced blood ceils as effectively as colonies in singly irradiated mice. The calculated amount of radioactive iron taken up by the average colony, a probable measure of erythropoiesis within colonies (3, 10), did not differ significantly between singly and repetitively irradiated groups of mice (Table I ). This observation suggests that erythrocyte production in individual macroscopic colonies was unaffected by repetitive irradiation.
Other considerations suggest that the degree of loss of proliferative ability may have been overestimated rather than underestimated.
Most important is the observation that animals which were bled before the fifth or sixth irradiation responded to this stimulus to colony formation as well as did singly irradiated mice. Since an increase in spleen colonies was induced in such animals, it is apparent that unstimulated mice, at the time of the fifth and sixth irradiations, were not responding maximally with respect to colonyforming ability.
We assume that the increase in colonies induced by bleeding is mediated, at least in part, through an increase in the production of erythropoietin by the bled animal. Repetitively irradiated animals were more anemic than were singly irradiated animals, so that the usual stimulus for erythropoietin production was present in such animals. We would speculate that in repetitively irradiated animals which were not bled the normal mechanisms for stimulating hematopoiesis had been altered. Ito and Reissmann (12) reported studies suggesting that the anemia of protein depletion in rats was the result of altered erythropoietic control mechanisms. They observed that in protein-depleted rats the anemia could be corrected, or at least improved significantly, by administration of exogenous erythropoietin. A similar mechanism might explain the apparent reduction in colony response in repetitively irradiated animals which were not subjected to the added erythroid stimulus of bleeding.
Irradiation induces chromosome abnormalities in colony-forming cells which are discernable in their differentiated progeny (13, 14) . Although cells with such aberrations may, at least in some instances, be able to proliferate and form colonies (13) and repopulate the hematopoietic compartments (14) , it is possible that other cells with chromosomal abnormalities are unable to proliferate normally. Radiation-induced chromosome defects are induced randomly in a cellular population, so it is of some interest that the decline in colonies with each succeeding irradiation suggests an exponential decline (Fig. 1) . Thus, the decline observed in our studies might be entirely representative of this form of irradiation damage rather than be representative of decreased proliferative ability due to an excessive demand for cell division.
The question can be raised as to whether or not the ceils developed a longer generation time so that a longer time would be required to repopulate the colony-forming cell compartment but that, if given enough time, repopulation would occur. Increasing the interval between the fourth and fifth irradiation was of no apparent effect in our studies, and very long intervals between transplants were of no avail in the studies of Cudkowicz et al. (6) .
An explanation for the differences in the various slopes ot~ curves describing apparent decline in proliferative ability in Fig. 1 can be sought in various areas. The question of selective damage of certain cells in vitro in transplantation studies (9) is but one possible reason for the difference in rates of decline for our studies and those of others. The demand for proliferation might be different in each of the experimental settings, and the steepness of the declining slopes might merely reflect severity of proliferative challenge.
Another intriguing possibility which would explain the difference between our studies of endogenous repopulation and studies employing transplanted cells is to raise the hypothesis that the colony-forming cell may in turn have a precursor. If there is such a cell, and if it is not normally found in spleen and marrow, then sequential transplantation studies would measure only colonyforming cell proliferation, while studies of repetitive irradiation would measure proliferation of the colony-forming cell compartment plus proliferation in its progenitor compartment. No evidence can be brought to bear on this hypothesis at present. However, we (15) and others (1, 16) have reported evidence which suggests that in a steady state the cell production system for hematopoietic tissue may consist of concatenated compartments of cells which are increasingly differentiated but which are still capable of self-renewal at each level of differentiation.
SUM~-ARY
Mice were irradiated repetitively at 6 wk intervals. The proliferative capacity of the hematopoietic stem cell compartment was studied after each irradiation and compared to that of age-matched controls which had been irradiated only once. Hematopoietic proliferation capacity was measured by determining the number of spleen colonies, splenic iron uptake, spleen weight, and volume of packed red cells 10 days after irradiation.
6 wk after the first irradiation, the hematopoietic compartment was ap-parently supranormal in size for, when such mice were again irradiated, their postirradiation hematopoiesis was in excess of that of the controls. Thereafter, there was a steady decline in regenerative capacity with each sequential irradiation. After the sixth irradiation, the number of spleen colonies and iron uptake were reduced to one-fifth of that of singly irradiated controls. A decline in body weight and an increase in irradiation mortality accompanied the decline in postirradiation hematopoiesis. The degree of measured decline in hematopoietic proliferative ability was less than that observed by other investigators who studied the effect of serial transplantation of cells upon their ability to proliferate. Furthermore, even after the sixth irradiation, a marked stimulation of postirradiation hematopoiesis was induced by bleeding the animals before irradiation.
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